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Abstract

A novel oligomeric intumescent fire retardantchelate, zinc phosphonated
poly(ethyleneimine) (Zn-PEIP) with a changeableZzn?* loading, was synthesized
The chemical structure @n-PEIPwasconfirmed by FTIR®C NMR and3'P NMR
spectoscopy.The thermal behavioand fre retardancyof low density ptyethylene
(LDPE) containing 25 wt% Zn-PEIPs with different amoustof Zr?* were
investigated byhermogravimetric analysid'GA), limiting oxygen index(LOI) and
cone calorimetry.The TGA results showed thahigher concentratie of Zn?*
improvedthe themal stabilityandincreased the residygeld of LDPE. Howeverthe
data from the LOIl and cone calorimetryshowed that there is an optimum
concentrationof Zn?* for the best fire retardant performaned LDPE This is
ascribed to thdigh crosslink densityesulting from zinc bridges, preventing normal
swelling of the intumescent systerithe surfacemorphology of the charwas
characterized bligital photograph@nd sanningelectron microscopy (SEM). This
confirmed theoptimumintumescencecoherentand stong barrierlayer formationat
an intermediate Zi loading.

Keywords:. Zinc chelate Low density polyethylend-ire retardantMannich
condensationFlammability


mailto:zpfang@zju.edu.cn
mailto:trhull@uclan.co.uk

1. Introduction

Intumescent fire retardants (IFRs) areoften phosphorusitrogen contaimig
compounds, which are considered promising candidate® substitutefor the
halogeneontaining flame retardantssince there areno known environmental
problems associated witheir usé. The proposed mechanisshthe IFR is based on
swollen char a&ting asphysical barrier, which slows down heat and mass transfer
betweenthe gas and the condensed phasdswever,an effectivelFR loading is
about 30 phr or moreyhich may be detrimental tahe mechaical properties of the
plastic and maket moredifficult to recycle. Thereforegttentionwasfocusedon how

to improve the efficiency ahelFRs and saeduce theitoading®.

Recently, compounds containing métaélemens such as transition metal oxides and
metal sulfate have been utilized forimproving the flame retardancyof the
IFR-polymer systefitl. These metatompounds can not only act in the vapor phase,
but also in the condensed phase and at the gas/solid interfaag,tsaeduce the
flammability through a chemical and/or physioatchanisrt?16

Wu reported thatinc and nickel saltgcreasedhe limiting oxygen index (LOI) and
decrease the heat release ra(elRR) in blends of polypropylene (PP)/ammonium
polyphosphate (APP)/dipentaerythritol (DPER)Lewin reported that divalentnal
multivalent metal oxidescould enhancethe fire retardancyof intumescent systems
based on APP and pentaerythritol (PER) if®PP

Although e méal compoundsnentioned above can improve thee retardancyof
the IFR in a polymer, sich blendingof IFR and metal compoundsan result in
problems of heterogeneous distributeamdincompatibility reducinghe fire retardant
effectiveness To avoid this, an IFR moleculewith a metal ion in onemolecule
zinctetraethyl (1,2phenylenebis(azanediyl)) bis -(®droxylphenylmethylene)
diphosphonateZin-TEPAPM) (Figure 1) wasdeveloped irour earlier work This is
ametal chelate containing phosphorus, nitrogenantketaic elementHowever, the
fire retardancy of ZWTEPAPM was not as good as expectetiVhenthe content of

Zn-TEPAPMwas 25 wt%in low densitypolyethyleng(LDPE), the reduction opeak
2



heat release rate (PHRBf) LDPE/ZnTEPAPMwas 41%and thechar layemwas not
continuous, leaving lot of holes in the residdeom the conecalorimetertest If the
content of ZRTEPAPM was 1 wt% and was blended with 19 wt®%PPin LDPE, a
more intactand continuoushar layerwas formed and the reduction ofPHRR of
LDPE/19APP/Zn-TEPAPM reached1%. The reason forsuchresuls is ascribe to
the effectof different loadings of zinc ionsn the fire retardancy of LDPE. However,
due tothe limitations of the structure of ZTEPAPM, it is difficult to changeZn?*
loading InTEPAPM

Therefore a noveloligomeric IFR chelate zinc phosphonated polgthylene imine)
(Zn-PEIP), containingphosphorus, nitrogen armnc was designed and synthesized
As Fig. 1 showsthere aremultiple coordination positionswvailableon the branched
chains of the oligomeric liganw be chelated with metal ionhis allowsthe content
of metal ions in themoleculeto be varied from zero to a saturatioralue. By
changng the zinc ion loading thefire retardancy of suchn oligomericlFR chelaé
can beoptimizedand used to study the structymepert relationships.

The Mannichcondensatiorwas used to synthesizéhe phosphonated polgthylere
imine) (PEIP) for use as anFR ligand. Zinc (Zn) was chosen to be chelated with
PEIPfor its ability to improve thedehydrogenation durinpermal degradatidf The
chemical structurand thermapropertesof Zn-PEIP and PEIP wereharacterized by
infrared analysis (IR), NMR (including®*C-NMR and 3PNMR) and
thermogravimetricanalysis (TGA) With the varied content of Zn in ZREIP, he
effects ofZn-PEIP inlow density polyethylen¢LDPE) were studiedwith respect to
thermal stabilization, burning behavioandflame retardancyusing TG, LOI, the
cone calorimetefCONE), scanningelectronmicroscopgSEM) and X+ay diffraction

(XRD).
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Fig. 1 Proposedtructure of ZAPEIP

2. Experimental

2.1 Materials

LDPE (2102TN26) with a melt flow index of 2:2.9 g/10minand adensity of
0.920-0.922 g/m was purchased from Sinopec Qiiompany Ltd. (Zibo, China).
LDPE grafted with about 1.0 wt% maleanhydride TRD-100L, LDPE-g-MA) was
provided by Wujiang Sruida Plastic Industry Co., Ltd.(Wujiang China).
Poly(ethylene imine) (PE] Mw = 10 00Q 99 wt% was purchased from
Aladdinteagent Co., Ltd. (Shanghai, China) Phosphonic acid(HPO(OH}),
concentratechydrochloric acidsolution (HCI), formaldehydesolution (CH20) of 37
wt%, dethanolamine and anhydrous ethanol @EsOH) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, Ch8oaljum hydroxie (NaOH)
was purchasedrom Xilong Chemical Reagerto. Ltd. (Guangzhou, China)inc
acetate(Zn(OOCCH).: 2H0, Znag was purchased frorthe Yixing 2nd Chemical
Reagent FactoryYixing, China). All chemical reagentsvere used without further

purification.



2.2 The synthesis of PEIP and Zn-PEIP

2.2.1 The synthesis of PEIP

PEIPwas obtained using thidannich condensatioreactionof poly(ethylene imine)
(PEI), formaldehydeandphosphonic acidl6.4 gof phosphonic acid anddlg of PEI
were dissolved in100 mL of HCI in a 250 mL threeneck flask equipped with a
mechanicalstirring and reflux condensewhen theabove solutionwas heatedo
reflux, 32 mL of 37 wt% formaldehyde solutiomvas added dropwise into the flask
over a period ol h. Then, he system wakeatedunder reflux forl h. When cooled
to room temperaturghe mixturewas neutralized by idthanolamineand the crude
PEIPproduct precipitatedrlhis was filtered and washeithree timesusing anhydrous
ethanol Finally, thePEIPproductwas driedunder vacuunas ayellow powderwith a

yield of 95%. The synthesis routeilisistrated inFig. 2(a).
2.2.2 The synthesis of ZREIP

A threeneck flaskwas charged witldifferentamountsof Znac,15 g of PEIP,2 g of
NaOHand 5@ mL of anhydrous ethanol. The mixtunes stirred under nitrogen for

7 h under reflux. After cooling to room temperaturethe yellow suspensiorwas
filtered andwashedhoroughly with anhydrous ethanol, and then dried &&G0nder
vacuum to a constamteight. In order to prepare the ZREIP with different Z&
loadings the amount of Znawas varied fron©.1 mol, 0.07 mol, 0.0&ol, 0.03 mol,
0.01 mol, 0.007 matiown t00.0@8 mol. The corresponding Zn chelates are named as
Zn-PEIR0.1, Zn-PEIR0.07, Zn-PEIR0.06, ZnPEIR0.03, ZnPEIRO0.01,
Zn-PEIR-0.007 and ZnrPEIR-0.003. The chelation step in thesynthesis route is
illustratedin Fig. 2(b).
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Fig. 2 The synthesis routef PEIP (a) and ZPEIP (b)
2.3 Preparation of fireretardant L DPE composites

The LDPE composites were prepared via melt compoundihgl60 °C in

ThermoeHaake rheomixer with a rotor speed of 60 rawecording tahe formulatiors

presented in Table.1IThe preparedmateriat were transferredinto a mold and
preheated for 5 miat 120 C, and thenpressed at 15 MPfar 8 min, followed by
pressing at roortemperatur@inderthe same pressure fomain.

Table 1 The fomulation of flame retardant LDPE with Z74EIPand PEIP

Sample ID LDPE /wt% LDPE-g-MA /wt% PEIP /wt% Zn-PEIP /wt%

LDPE 95 5

LDPE/Zn-PEIRO.1 70 5 25
LDPE/Zn-PEIR-0.07 70 5 25
LDPE/Zn-PEIR-0.05 70 5 25
LDPE/Zn-PEIR-0.03 70 5 25
LDPE/Zn-PEIR0.01 70 5 25
LDPE/Zn-PEIR-0.007 70 5 25
LDPE/Zn-PEIRP-0.003 70 5 25
LDPE/PEIP 70 5 25




2.4 Characterization

Infrared spectra (IR) were recorded omMigolet Nexus470 FTIR spectrometeas
KBr disks.'3C solid NMR and>!P solid NMR spectrawere recorded oa DSX 300
spectrometer300 MHz, Brukel). TG analysis was performed oM & 209F1thermal
analyzer at a heating rate of 20 min? in N2 and air Netzsch, respectively, from
room temperature to50 °C.Limiting oxygen index (LOI) values were determined
using an HE2 Oxygen Index instrument asamplestrips ofdimensions of 120 x 6 x
3 mm? according to ASTMD2863 (dang Ning Analytical Instrument Co Lt The
combustion parameters were measured according to I1ISO 5660 usigna
calorimeter Govmark ataheat flux of50 kW-n?. The dimensionsf al samples for
the cone calorimeter measuremeats 100 x 100 x 3 mrh Morphology of the
residual chars collected after the caadorimeter testsvasobtained using &3400N
field emissionscanning electron microscopéifachi). The phase and crystallographic
structuresof the samples were examined BRD on a Rigaku D/MAX 2550/PC

X-ray diffractometemvorking with CuKa radiation.
3. Results and discussion
3.1. Characterization of Zn-PEIP and PEIP

Sincethe onlydifferencebetween theZn-PEIP sample was the variable amouwof
Zn?* in the molecular structure, the structure and theprapertiesof Zn-PEIPwith
the hghest zinc loadingZn-PEIR-0.1) were assumed to beepresentative ofll
Zn-PEIPs.Fig. 3 showsthe FTIR spectra ofPEIP and Zn-PEIRO0.1. PEIP shows
peaksaround1167 cmt, attributed touncoordinatedP=0 groupswhich are more
abundant thamn Zn-PEIR-0.1L This isdue to thereduction inbond strength of the
P=0Ogroups coordinadto Zn** in Zn-PEIR0.1, shiftingabsorptiorbelow 1167 cm.
At the same time, thabsorptiorof P-O groupat 1066 crit does nbappear to change
which indicate that coordindion does not occubetween POH and Zd*, only

between P=0O and 2h This statemenis underpinnedy the change of absorption
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peak of NH'. Because ofthe presence of P8 groupsin PEIP,nitrogenatomsin
PEIPcanbe protonatedy P-OH group$’, formingNHz" groups.Theseare expected
to give two bandsround3000 and 2700 crh which areusually broad, unresolved
and extended taround2200 cm .20 Indeed the IR spectrum oPEIPin Fig. 3 shows

a broad and shalloband at R00-2500 crmt, revealing the presence of the protonated
amine in PEIR After chelation, he NH* bandsbecome weadt. Moreover, the
absorption peak at 1467 diascribedto bendingof the NH' groups,is also
weakenegdresulting fromthe coordination bonds formésgtween P=ON-H andZn?*.

As Fig. 1 andFig. 2 show, chelatiorbetweenP=0, Zr#* and NH groups can form
two five-memberedrings, resulting ina more stablechelatestructure comparetb

chelates ofust P-OH groups and Zh

a PEIP :
b Zn-PEIP-0.1:

3500 3000 2500 2000 1500 1000 500

Wave number /cm '

Fig. 3 IR spectra of PEIP and ZPEIP-0.1

The structures of PEIP and ZrPEIRO0.1 were further characterizedoy solid-state
13C-NMR and®P-NMR spectra a&ig. 4 (a) and (bshows respectivelyln Fig. 4(a),
there is only on@bvious broageak at51.5 ppmin the *C-NMR spectum of PEIP
This is becase the chemicahifts of the carbons i€-C, CP and GN groups are
similar in the PEIPand th& peaks overlagach otherAfter chelation, the broad peak
of Zn-PEIR0.1, shown inFig. 4a), shifted slightly to 51.3 ppm This might be the
result of ther-backbonding effect®ormed by the chelation @n andthe PEIPligand
3IPNMR spectra irFig. 4(b) also indicate thdifferenceof the structures of PEIP and
Zn-PEIR0.1. Asdescribed earliebothNH and NRB* groupsexist in PEIP. That is to

8



say, thePOsH groupsmay existasit is or a PQ' ion, after protonation of theamine
groupto NH". This results intwo phosphorusbsorption peaks of PEIP Fig. 4(b).
Sinceionizationshifts Pto alower field,absorbance at.8 ppm isattributedto PGH

and tte smaler peakat 20.9ppmis ascribe to POs™ ion. After the chelation with Zn,

the 3P NMR spectrumof Zn-PEIR0.1 shows two strongabsorption peaks. He
unchelated P¢H peak as before shows that not all chelation sites contained zinc,
while the peak at8.3 ppmcan be assigned ®in thechelate of P=0, Zi and NH
groups,since thern-backbonding effectare formed by the chelation of Zn aritle

PEIPligand.

Zn-PEIP0.1
PEIP
1] 15 30 45 60 Fis) 90 —ZDI-10I0I10I20I30I40I50
C Chermical shift (ppm) 3P Chemical shift (ppm)

Fig. 4 1°C-NMR (a) and®'P-NMR (b) spectra of PEIP and AEIR0.1
Sincethe zinc(Il) ion may affect the thermal stability dfe chelateZn-PEIPs with
different amounts ofinc werecharacterizedy TGA in nitrogen.Fig. 5 shows the
TGA and DTG thermograms diie Zn-PEIPs The detailed datancludingthe onset
temperature oflecomposition Tonse), Maximum decompositiotemperature Tmax)
and residue percentage &06C, aresummarized in Table 2.

As Fig. 5 and Table 2 showthe initial decomposition temperature$orke) Of
Zn-PEIPs decrease from 228 to 191°C as theamaunt of Zrf* ionsis reducedAs
PEIP had the lowesnse:of 179°C, it implies that chelation between PEIP and?Zn
increases the thermal stabiliey Zn-PEIPs.The residue at 650C follows the same

trend asTonsetOf ZN-PEIPs Zn-PEIR0.1 has the highest amount of residue at €0

9



of 59.5 wt% If residue was composed of Zn(E&) the residue amount would B&%,
which suggests a significant proportion of the PEIP ligand contributed to the amount
of residue as a char. PEIP has shallest residuwith only 26.5 wt%,indicaing the
role of Zn?* in the char forming proceséccording toPeterseft, divalent ionssuch
as zinc(ll) are known tgoromotecrosslinking and dehydration reactiobsiring the
thermal degradation of ZREIPs, ZA* may catalyze the dehydration of tREIP
ligand and polyphosphoric acidvill be formed Then Zn** react with
polyphosphoric acido form a crosslinked network through salt bridgedeadingto
increased residue formation. Hence, the moré ilnZn-PEIPs the moreresiduewill
be formed Similar resuls werealso found by Ched and Soné’. Theyobservedhat
nickel, zinc and chromiumons could increase the ch@armationin PP with an
intumescenfire retardant andthey dtributed this behavioto the eaction between
the metalonsandthe polyphosphoric acithrough salt bridges.

Fig. 5b shows thaZn-PEIPsundemwent multi-step thermal degradatigorocesses
Zn-PEIR0.1, Zn-PEIR-0.07 and Zn-PEIP-0.05 havetwo main weightloss stage
which can be assmgpd to the dehydration of PEBhd char formationWith the
decrease of the chelation of Znfour weightloss stage are observedThe residue
formed at about 350C may beunstable becausethere is less Zii, hence less
crosslinking.lt may continue to decompose at higltemperaturguntil amore stable
residueforms. The less Zf' in Zn-PEIPs, thecloser thethermal stability oZn-PEIPs
is to that of PEIPWithout Zr?*, dehydration of PEIP stilbccuss, but thedegree of
crosslinkingmay not be the sae as that of the ZREIPs. Tlerefore, the least residue

is formed by PEIP.

10
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Fig. 5TG (a) and DTG (b) curves of PEIP and ZBIPs in N
Table 2 TGA data of PEIP and ZREIPs in N
Sample Tonset 1°C 2 Tmax /°C P Residue at 650°C /wt %
Zn-PEIRO.1 228 312,361 59.5
Zn-PEIR0.07 228 302,358 46.2
Zn-PEIR0.05 226 300,354 42.8
Zn-PEIR0.03 215 300,350,396,541 33.2
Zn-PEIR0.01 193 298,338,391,534 29.1
Zn-PEIR0.007 199 301,346,529 29.1
Zn-PEIR0.003 191 297,344,520 31.3
PEIP 179 293,340,509 26.5

a: designated as the onset point at 5wt % weight lmseaximum decomposition temperature

3.2. Propertiesof the LDPE/Zn-PEIP and L DPE/PEIP blends
3.2.1Thermal stbility

After ignition, allthe oxygen at thepolymerflame interfacas consumedThis means
thatthe thermal decomposition in an inert atmosphere is the approgoiadéion for
determining the fuel production rateof a flaming material 2 ®. The thermal
decompositiorof LDPE andLDPE blened with PEIP and Z#PEIPsin N2 shownin

Fig. 6, best represents the fuel release. démileddata are summarized Table3.

For LDPE, the degradatiobeginsat 391°C in N2 and the maximum weight losate
appears at 469C, with 0 wt % residueat 650°C. Addition of PEIP and Z#PEIPs
resultsin an increase Offmax by 11-14 °C, showing a smalimprovementin the

thermal stabilityof LDPE. Asdescribedabove, the crossliskformed by ZRPEIPs

11



will lead to the formation dahe protective network anehhanced charring, increasing

the LDPE degradéon temperatureTonse@nd the weight of residue at 6%Ddecrease

with the decrease of Zhin Zn-PEIPs,correspondindo that ofZn-PEIPs in N. As

expectedthe lowestTonsetof 298°C and theresidue at 650C of 6.94 wt% is that of
LDPE/PEIP withait any Zi#*.

100

Residue weight /%

20 |-

—+— LDPE
60  —>— LDPE/Zn-PEIP-0.1
—o— LDPE/Zn-PEIP-0.07
—«— LDPE/Zn-PEIP-0.05
a0l  —— LDPE/Zn-PEIP-0.03
—o>— LDPE/Zn-PEIP-0.01
—+— LDPE/Zn-PEIP-0.007
—x— LDPE/Zn-PEIP-0.003
—«— LDPE/PEIP

100

200 300 400 500 600
Temperature /°C

LDPE
L

-PEIP-0.1

LDPE/Zn-PEIP-0.007

" LDPEZnPEIP-0.003
e
LDPE/PEIP ~ S\ H

100

200 300 400 500 600

Temperature /°C

Fig. 6 TG (a) and DTG (b)urves of LDPE, LDPHEEIPand LDPEZn-PEIPsin N2
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Table 3 TGA dataof LDPE, LDPEPEIPand LDPEZn-PEIPsin N2

Sample Tonset I°C 2 Tmax /°CP Residue at 650°C /%

LDPE 391 469 0

LDPE/ZnPEIRO0.1 387 480 13.88
LDPE/Zn-PEIR0.07 330 483 11.01
LDPE/Zn-PEIR0.05 317 480 10.34
LDPE/ZnPEIR0.03 311 481 8.28
LDPE/ZnPEIR0.01 312 482 9.01
LDPE/Zn-PEIR-0.007 308 482 8.49
LDPE/Zn-PEIR-0.003 308 482 7.39
LDPE/PEIP 298 480 6.94

a: designated as the onset point &it®6 weight lossb: maximum decomposition temperature

3.2.2Flammability

Limiting oxygen index test (LOI) was conducted to investigate the flammadilitye

materials. Itdetermineshe minimum oxygen concentration amixture of oxygen
and nitrogen required to support downward flame spread along the sampfe®tep
resultsof LOI tests forLDPE and its composites ashown in Tablet. The LOI of

LDPE is 17.9indicatingits inherent flammabilityThe addition of PEIP increasdue

LOI to 20.4 rising to 24.1 for LDPE/ZnPEIR0.01 Further increase oZn®* in

Zn-PEIPs decreaseghe LOL The increase in LOI is contrastto the higher residue
yield found byTGA.

Table 4 Results from LOI measurements

Sample LOI
LDPE 17.9
LDPE/ZnPEIR0.1 20.6
LDPE/zZn-PEIR-0.07 21.9
LDPE/ZnPEIR0.05 23.2
LDPE/ZnPEIR0.03 235
LDPE/ZnPEIR0.01 24.1
LDPE/ZnPEIR-0.007 235
LDPE/ZnPEIR-0.003 22.3
LDPE/PEIP 204

Cone calorimetry isused for investigating the burning behaviasf polymeic
materiak, which canprovide various parameters suchtase to ignition (n), peak

heat release rate (PHRR), total heat release (Ta#i)average specific extinction
13



area (ASEAY’?8 Fig. 8 and Table5 show thecone calorimetric datfor LDPE,
LDPE/Zn-PEIPsand LDPE/PEIP blends, respectivelyTheseshow very significant
reduction in flammability for all the PEIP and-BEIP materials tested.

Fig. 7 shows thal.DPE burns veryrapidly after ignition and alarge PHRR of 1645
kW-m? appears aaraund 135s In the casef LDPE/PHP systems, PHRR anitHR
valuesarereducedby 86.3 % and 30.2 %ith the addition ofPEIR demonstrating
PEIPaloneslows down theombustion proces&dding Zn-PEIPsto LDPE, the THR
values decreased to an even greaktent.As shown inTable5, the THR values for
LDPE/ZnPEIR0.1, LDPE/ZRPEIR-0.05 and LDPE/ZAPEIR0.01 are57, 55and 51
MJ-n2, lower than that of the LDPE/PEIP blei®4 MJ-m?). The values of THR
decrease with the decrease of the content éf, Znit increasewhen Zn?* is absent
from the LDPE/PEIP systemThe fre behaviorof LDPE inthe cone calorimeteras
in agreement with the result from the LOI measurement Although
LDPE/ZnPEIR0.01 has the highedPHRR valuesof the zinc containing materials
thisoccurredater, schada lessekeffect on the fire growth properties.
Moreover,there arenotable differencein thetignsof LDPE/ZnPEIPs and LDPE/PEIP
Thetign of LDPE is % s, and that for LDPE/ZREIR-0.1is prolonged to 4 s. With
the decrease of Zhin LDPE/ZnPEIPs systemshe tignincrease progressivelf¥he
tign of LDPE/ZnPEIR0.01 and LDPE/PEIRre 160s and 153sgspectivelywhich is
much longer than #tof LDPE or LDPE/ZRPEIR-0.1 or 0.05.

According to the analysis described abotlee LOI andCone calorimetryresuls
support each other, while TGA results of the blend are diffefiédatt is because the
amounts of 8 mg of sample in TGA tests are so small tiety cannotform an
effective insulating barrieto prevent heat and fuel transfélthough the increase of
Zn?* led to the higher residue yield found by TG#ge increased amount of char
formation is not the only factor to get better flame retardancy. The swelégree
and the mechanical property of char layer are also very important fdotorsler to
illustrate the effect of zinc loading on flame retardamperties a schematicchar

formationprocesss shown in Fig. 8.

14
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Table5 Combustion parameters obtained from burning in the cone calorimeter test

tign PHRR ASEA CO yield Residue
Samples THR /MJ- m~?
/S /KW - n? /m?-kgt /kg-kgt Iwt %
LDPE 55 1645 106 431 0.0557 6.27
LDPE/ZnPEIP-0.1 64 190 57 630 0.0554 50.37
LDPE/ZnPEIR0.05 74 156 55 703 0.0673 43.63
LDPE/ZnPEIP-0.01 160 234 51 730 0.0706 43.97
LDPE/PEIP 153 226 74 877 0.0730 27.05
P ' Strong crosslinking
R $ 6t Reduced intumescence
Afrd “.;‘i, (N @ Zn-PEIPs or PEIP
e AT e
HEAT Y Il Y A ) Crosslink bond
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Fig. 8 Schematiof char formatiorprocess of Z+PEIPs and PEIP in LDPE
It is generally acceptedhat when heated in an atmosphere containing oxylgeRE
chainsmay undergo autoxidationwith the formation ofhydroperoxidesand then
hydroxyl groups on the main ch&inThese hydroxyl groups can be phosphorylated
by the degradatioproductof PEIP though dehydration. With the catalytic effect of
Zn?*, further dehydration occurs on LDPEhe formation of salt bridges between
Zn?* and these phosphate groups may enhamosslinkng. At the same time,
according to the TG analysis 8h-PEIPs the flame etardant ZFPEIPs can also form
a crosslinked network by the catalgis of Zn?* during combustion. Both types of
crosslinksdescribedabove are important factors to the ef@mmation processesnd
further affect the mechanical performangkthe char laye Songfound thata certain
amount of metal ionsand polyphosphoric acidcan form a crosslinked network,
through salt bridges, to form a more compact residual layer with better methanica
performancé&. Thus the chaformation processes and the qualifytioe protective

char layenf LDPE/ZnPEIPs blends are affectsiynificantlyby the Zi#* loading.
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As shown inFig. 8, when the content of Zhin the fire retardant LDPE system is too
high, a network with high crosslink densitg formed resuling in anincreag in nelt
viscosity ofthe LDPE composite.A more rigid residuewas obtainedat high zi$*
loading.As shown inTable5, the 50.37 wt%esidueof LDPE/ZnPEIR0.1 is much
higherthan that in TGA testlemonstratinghe formation of a protective baar layer,

a physical, rather than chemical fire retardant effe¢iRR and THR values of
LDPE/ZnPEIRO0.1arealsogreatly decreased.

However sucha strongnetworkmay also preverthe significantswelling associated
with IFRs Due tothe high melt visosity and inflexible network the crosslinked
polymermay instead release gases throuwtgfecs in its structure such as holes or
cracks whichthen allow the release immable volatilesThe transfer of heat from
the flame tothe underlying substratand the evolution of fuel from iied to the
sustaied combustion of LDPEHigher THR and lower LOlvalues were obtained
from LDPE/ZnRPEIR0.1 than from othet DPE/ZnPEIPsystens with less Zi3".

For theLDPE/Zn-PEIR0.05 blendgthe decrease @n?* may ako lower the crosslink
density in the matrix The char layerbecomes mordlexible and protects the
underlying matrix moreefficiently than that formed irthe LDPE/ZnPEIRO0.1, as
shown by the higher LOI value, the prolongeg,, and the lowest value ofHRR
shown in Table 4 and Table Bue to the relatively high loading of Znin the
LDPE/ZnPEIR0.05 blend, the THR valués not the lowesbf the LDPE/ZRPEIP
systens and the flexibility ofthe char layer neeslto be improved through further
decrease aZn®".

With the further decrease of Znin the LDPE/ZnPEIR0.01, the density of network
reachesan optimum value The protectivebarrier layer is greatly improved with
sufficient flexibility. The loweredmelt viscosity of LDPE/Zn-PEIR0.01 andthe
further dehydratiorresultsin a morecoherentchar layer big built up, whichresuls

in the highest LOI values and lowest THR vald#e delay in the major peak and a
slightshoulder peak on the HRR curve of LDPERZBIP-0.01 suggest changes to the
stages of lear formation in the conealorimeer.

In the LDPE/PEIPsystem the LDPEchains can still be phosphorylated dondn a
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network through dehydratioiVithout catalysisof Zr?*, the crosslink density is lower
than that of LDPE/Z#PEIPs butthe more flexiblecharswells better Thetign of 153s
of LDPE/PEIP indicates that the intumescent char is effectiveratecing the
polymer from being ignitedHowever, with the continuouattack of heat, the char
layer craclks. These crackdorm pathwaysfor the escapeof flammable volatiles
reducingthe fire retardancyTherefore, the THRaluesof for LDPE/PEIP increased
to 74 M3 m? compared with LDPE/ZPEIR0.01,and the LOI value also decreased
to the lowest value compared witie LDPE/ZnPEIPs

The progressive @eease of THR from LDPE/ZREIR0.1 to 0.01, while the residu
massalso decreasesuggest some gas phase inhibitionay also beoccurring This
is supported by the significant increase in ASéhdwn in Tables. For LDPEPEIR
the value of ASEA increasérom 431 nt-kg?! (for LDPE)to 877m? kg?!. Under the
protection ofthe defectivechar layer formed by PEIRhe underlying polymer
undergoes decomposition and incomplete combustmmreasingthe emission of
smoke.However, when the Zf loading increases, the ASEA decreasegradually
from 877 nt-kg! to 630 nt-kg?, indicatingthat Zn?* suppresss the production of
smoke.The yield of CO also followghe same trend. Such results epasistentith

our previous study
3.2.3Analysis of the char resig

The opticaland SEM photosof the residues after the cone calorimeter aestshown
in Fig. 9 and 10, whichare consistentwith the hypothesigdllustratedin Fig. 8. As
expectedwith the decrease of 2 in LDPE/ZnPEIPssystem thechar layer forred
in the cone calorimetridests began to swell and beconmaore continuousand

intumescent.
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Fig. 9 Optical images of residues aftee cone calorimeter tefr (a)
LDPE/ZnPEIRO0.1, () LDPE/Zn-PEIR0.05, (c)LDPE/ZnPEIR-0.01 and (d)-DPE/
PEIP
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Fig. 10 SEM imags ofthe charesidues for LDPE/ZIREIRO0.1 (al:x500, a2x1k,

a3 x5k magnificatior); LDPE/ZnPEIR0.05 (b1:x500, b2:x1k, b3:x5k
magnificatior); LDPE/ZnPEIR0.01 (c1:x500, c2:x1k, c3: x5k magnification;
LDPE/PEIP (d1x500, d2:x1k, d3:x5k magnificatior) afterthe cone calorimeter test

Fig. 9(a) shows a thick and compactchar layer was formed by the
LDPE/Zn-PEIR0.1 sample The surfacanorphologyof the char is more likafrozen
liquid with high viscosity. From the images of the surfac&ig 10(a-1, a2 and a3),
the chars are dense with a few halesllessobviousbubbles on the surface, because
of the poor flexibility of char formed in LDPE/ZREIR0.1 system.For the

LDPE/ZnPEIR0.5 sample a little intumescent char layer can be seen from Fig. 9(b)
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while holesare observed Fig. 10(b-1, b2 andb-3).

Fig. 9 (c) showsbetterintumescence in the LDPE/ZPEIR-0.01 system. Especially in
Fig. 10(c-3) at high magnificationthe surface of the char layer is smooth amdat
with swollen bubbles, which aets a moreeffective thermabarrierto reduceheat
transfer from the flame to the underlyisgbstratesand thus reducéhe total heat
release rate diDPE. Althougha typical intumescent morphologg shown in Fig. 9
(d) andFig. 10 (d-1, d2 and d3) for the LDPE/PEIP system, there apparent
cracks appearing on the surface of the char.

The XRD patterns ofthe residueof LDPE/ZnPEIPs and LDPE/PEIRfter the cone
calorimeter testre given irFig. 11 For LDPE/ZRPEIR0.1, theresidue clearly has a
significant degree of crystallinityThe peaks in theliffractogramlocated at19.3,
21.6, 23.7, 25.6, 27. and 31.8 could resulted fronzinc phosphateZn(PQ)a.
This suggeststhat Zrf* reacs with polyphosphoric aciqdecomposition products of
PEIP to form the crosslinked network Through furtherdehydration Zn(PQ). was
finally formed in theresidue. ie XRD spectrum of LDPE/ZREIR0.05is quite
different from thatof Zn-PEIR-0.1. The amorphougproportion increasedndicatinga
different degradatiorpathwayof LDPE/ZnPEIR0.05. The peaks atl2.6°, 217°,
28.2 and 32.6 are attributed toZnH>P.O7, corresponding taegradationproducts
with lessdehydration because of the decrease &f.Anith further decrease of Zf)
the XRD spectra of LDPE/ZREIP-0.01 and LDPE/PEIResidue appeatompletely

amorphous.
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Fig. 11 XRD spectraof residues for LDPE/ZREIPsandLDPE/PEIPafter the cone
calorimeter test

FTIR specta of the intumescent residudr LDPE/ZnPEIPs and LDPE/PEIRfter
the cone calorimeter teateshown inFig. 12. The four residues haseveralpeaks in
common.The peakaround 180 cm? is assigned tstretching of phenyl, indicating
the formation of polaromaticcarbonaceouspecies during combustith The broad
peak at 97-1031cm? is attributed to stretching of-B in P-O-C and PO-P" 3%, The
peak of LDPE/ZAPEIR0.1 observedt 1280 cm! corresponds tetretchingof P=0.
With the decrease of 2f this becomes broadaverthe range 170-1240 cmt. The
IR spectrademonstratethat ZnPEIPs and PEIP can produce phosphoric and
polyphosphoric acid-during combustion which promote dehydrationforming a
carbonaceoushar
The newpeals aroundl400 cnmtand thenew broadpeals of 29003120cm? in the
IR spectra of LDPE/Z#EIR0.06, LDPE/ZRrPEIR0.01 and LDPE/PEIPmay be
attributed to the @ vibration of aliphatic groug8. Although more flammable, these
will improve theflexibility, allowing greateintumescencandbetter protectiomwith

the decreasingontent of ZA* in flame retarded DPE.
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Fig. 12 IR spectraof charresidues for LDPE/ZPEIPsandLDPE/PEIPafter the cone

calorimeter test
4. Conclusions

A novel oligomericIFR chelate, ZFPEIP, containingphosphorus, nitrogen arminc
was synthesized\s aconsequencef the multiple coordination positions in ZREIP,
the content ofzinc ions can bechangedto influence thefire retardancy of
LDPE/ZnPEIPs. Study of thermal degradation behaviouor Zn-PEIPs and
LDPE/Zn-PEIPssystems reveals that tlohelation between PEIP and Zrion can
improve the thermal stability of ZREIPsand LDPE the more ZA" in theZn-PEIPs

the better thermal stability of ZREIPs and LDPEHowever there is an optimum
contentof Zn?* in LDPE/Zn-PEIP according to the LOI andone calorimetrytests,
since thepresenceof Zn?* adversely affestthe intumescent swellingrocessMore
Zn?* in Zn-PEIP may result in less swelling tbfe char layer. The results showed that
the LDPE/ZnPEIR0.0L blend had the optimum content of Zi which lead tathe
formation of theimproved protective layer with flexibilityand better mechanical
properties,giving the lowest value of THR (51MJAnand the longest value tfn
(160s).Moreover, simultaneouseduction of both THR and residue yield alongside
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increase in the ASEA and the yield of CO indicate a gas phase flame retarelent eff
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